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ABSTRACT

The nodulin-23 gene of soybean is one of the most abundantly transcribed
genes induced during symbiosis with Rhizobium. Using a plasmid (pNod25) from
a nodule cDNA library, we have isolated the nodulin-23 gene from a soybean
genomic library. Nucleotide sequence analysis of the cDNA and of the genomic
clone indicated that the coding region of this gene is 669 bp long and is
interrupted by a single intron of about 53¢ bp. The deduced protein sequence
suggests that nodulin-23 may have a signal sequence. The 5'-flanking sequence
of two other nodulin genes, nodulin-24 encoding for a membrane polypeptide and
one of the leghemoglobin genes (LbC,), were obtained. Comparison of these
sequences revealed three conserved éegions, one of which, an octanucleotide
(GTTTCCCT) , has 100% homology. The conserved sequences are arrandged in a unique
fashion and have a spatial organization with respect to order and position,
which may suggest a potential regulatory role in controlling the expression of
nodulin and leghemoglobin genes during symbiosis.

INTRODUCTION

A nunber of molecular events occur in the successful infection of legumi-
nous plants by Rhizobium species leading to the formation of root nodules.
Dinitrogen is reduced inside these specialized structures provided that the
essential plant and bacterial genes are expressed in a coordinated manner (see
reviews, refs. 1-3). While information on the Rhizobium genes is rapidly
accumulating, the contribution of the host to this symbiosis is not well under-
stood. At present, only two nodule-specific plant gene products have been
characterized. These are leghemoglobin (4,5) and nodulin-35 (6), a subunit of
the nodule-specific uricase (7).

A number of other nodule-specific host proteins (nodulins) have been
identified (8,9) and the mRNAs coding for these nodulins have been cloned from
soybean (10). One of these cDNAs, pNod-25, is a member of the NodA class which
represents the second most abundantly transcribed sequences in nodules. In
vitro translation of hybrid-selected mRNA using pNod-25 produced two poly-
peptides of molecular weight 23,500 and 24,500 (16,11). These products are
termed nodulin-23.
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Nodulin-23 is induced early in infection at approximately the same time as
leghemoglobin and nodulin-24 (16,11), This induction occurs prior to and is
independent of the appearance of nitrogenase activity in nodules (11). These
two nodulin genes are not linked to any of the leghemoglobin gene loci (12) but
are induced at the same time in response to an apparent common stimulus, the
Rhizobium infection. Therefore, it is likely that they share some common
regulatory regions as has been observed in other sets of coordinately induced
genes (13).

Isolation of the genomic sequence encoding nodulin-23 and the comparison
of 5'-flanking sequences of this gene with nodulin-24 and leghemoglobin C3
gene revealed three regions of sequence homology with some unusual, conserved
features. A low probability of random occurrence of these sequences may
suggest their possible role in regulation of expression of these genes during

symbiosis.

MATERIAL AND METHODS
Isolation of the nodulin-23 gene from a soybean genomic library

Approximately 500,000 recombinant bacteriophages were screened using
pNod25, a cDNA clone, as probe according to the method of Woo (14) from an
Alul/HaelIll partial genomic library of soybean constructed in Charon 4 (15).
Two genomic clones were isolated and mapped with the restriction enzymes EcoRI
and HindIII. The map of these two phages were found to be identical except for
a difference in one fragment. One of the genomic clones GmN7 was chosen for
further study. HindIII/EcORI and EcoRI fragments hybridizing to pNod25 were
subcloned into pBR322.
DNA sequencing

Nodulin-23 gene with its 5'-end and the 5'-ends of nodulin-24 (16) and
leghemoglobin C3 (5) genes were sequenced. Appropriate DNA fragments were
digested with various restriction enzymes and cloned in M13 vectors, mp8 or
mp9. The clones were propagated in the host JM161 and single-stranded DNA was
purified from phage according to the protocol by Amersham Inc. DNA was
sequenced primarily using the dideoxy chain termination method (17). Some
fragments were sequenced by the method of Maxam and Gilbert (18).
Computer analysis

Sequences were assembled using a computer program by Intelligenetics Inc.
(Palo Alto, Ca).
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Figure 1. Restriction map and sequencing strategy of a genomic clone (GmN7)
containing nodulin-23 gene. The filled regions indicate exons as determined
by hybridization studies, ExoVII experiments (19) and comparison to cDNA clone
pNod25. The open box is an intron. Line A indicates the region used in ExoVII
experiments to determine the position of any introns in this region (19).

Line B indicates the cDNA sequence corresponding to the genomic clone.

(A) represents the poly(a) tail on cDNA.

RESULTS
Primary structure of nodulin-23 gene

Hybridization of the cDNA clone, pNod25, to Glycine max cv. Prize genomic
DNA revealed a 7.0 kb EcoRI fragment containing the nodulin-23 sequence (10).
Two fragments corresponding to this sequence were isolated from a genomic
library of soybean. The general organization of one of the recombinant phage
(GnN7) is shown in Figure 1. This clone contains single HindIII and EcoRI
hybridizing fragments, the sizes of which are consistent with the results
obtained with genomic blots (ref 10 and data not shown). The complete nucleo-
tide sequence of the nodulin-23 gene was determined, using the M13 sequencing
strategy shown in Figure 1. The position of the exon was determined by partial
sequencing of pNod-25 and from the results of ExoVII and S1 mapping experiments
(19) . The nucleotide sequence is presented in Figure 2.

Sequence analysis of the nodulin-23 gene revealed a coding region of
669 base pairs containing one intron. The first exon is large, coding for 216
amino acids while the second exon codes for only seven amino acids. This gene
has several features common to other functional eucaryotic genes: the intron/
exon junctions obey the GT/AG boundary rule of Breathnach et al. (20); the 5'
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=170 =160 =150 =140 -130 -120 -110 =100 -90 -80
AGTAATTAGTTTAATGATAAAATATATTCTACAGATATATTTCTGTCTCTTGGCAACTCGTGAGAATTGAATATATTATAAAGATGAAAGGTCGTTACAA

=70 -60 -50 -40 =30 v =20 -10 1 10 20
ITTTTTTTAGAATAAATATTTATATACAATTCTAGATTTTGTTATAAAATTCACATAT TG TATGAGTATAATACATGAGCACACACCAAACTAGTCTCAA

50 60 70 79 v 8 100 110
ATTAAGTAAGGGGCTAATTATTAGCGCTAGCTAAGTAACCAAGTAATTA ATG GAG AAA ATG AGG GTG ATA GTA ATT ACT GTA TTC
Met Glu Lys Met Arg Val Ile Val Ile Thr Val Phe

130 145 160
CTA TTT ATA GGT GCA GCA ATT GCA GAA GAT GTT GGT ATT GGT CTC CTT AGC GAA GCT GAG GCG TAT GTG TCT CCT
Leu Phe Ile Gly Ala Ala Ile Ala Glu Asp Val Gly Ile Gly Leu Leu Ser Glu Ala Glu Ala Tyr Val Ser Pro

205 220 235 250
AAG TTA AAA AAG TTC ATC ACA CCT TGC ACT TCG CAT GTT GGT GAA ACA TGC AGT ACT ACT AGT AGT AGT GGA AGT
Lys Leu Lys Lys Phe Ile Thr Pro Cys Thr Ser His Val Gly Glu Thr Cys Ser Thr Thr Ser Ser Ser Gly Ser

280 295 310 325
GMGCA‘H‘AAYGCAGMCCAGGGTWG‘H’GCTCTHGCTTT CGA TTC TAT GGA GAG ATG CTT GGT AGA CCA TGT
Glu Ala Leu Met Gln Asn Gln Gly Gly Leu Leu Phe Ala Phe Arg Phe Tyr Gly Glu Met Leu Gly Arg Pro Cys

355 370 385 400
GCC CAA CTT TAT CAA ACA AGT GTT ACT AAC CTT CAA GTT GAA TCT GAA GTA TTT CCA AGG AAG AAT AAT CCA
Ala Gln Leu Tyr Gln Thr Ser Val Thr Asn Leu Gln Val G! Ser Glu Val Phe Pro Arg Lys Asn Asn Pro

cCcT
Pro
430 485 460 475
CAA GGT GGA CGT AAG TCC AAA TTA GAT GAC CAT CAA GTT CAA CCC TTA TCA TTT CGA TTA CCA CCA TTT CGA TTA
Gln Gly Gly Arg Lys Ser Lys Leu Asp Asp His Gln Val Gln Pro Leu Ser Phe Arg Leu Pro Pro Phe Arg Leu
505 520 535 550
CCA CCA ATG CCA AAA CTA GGA CCA ACA AGT CCG ATT ATA AGA ACG ATT CCA TCA CCA CCC ATA GCT CCT CGA GAT
Pro Pro Met Pro Lys Leu Gly Pro Thr Ser Pro Ile Ile Arg Thr Ile Pro Ser Pro Pro Ile Ala Pro Arg Asp

580 595 610 625
TIG TCA CTC ATT GAG ACT ATA CAA TTA CGA ACT GCC TTG AGA ACC TGT ACT CAT GTC ACT GCA CGA ACT TGT CTC
Leu Ser Leu Ile Glu Thr Ile Gln Leu Arg Thr Ala Leu Arg Thr Cys Thr His Val Thr Ala Arg Thr Cys Leu

655 670 685 700
ACT GCT CCA AAT GTT GCC ACA TCT GAT TTA GAG GCT TGT CTC ACT CCA TCC ATG AAT CAA TGC ATC TAT CCT CGT
Thr Ala Pro Asn Val Ala Thr Ser Asp Leu Glu Ala Cys Leu Thr Pro Ser Met Asn Gln Cys Ile Tyr Pro Arg

T40 750 760 770 780 790 800
GCA GCT GAA TAT G/GTACGTGTGTTTCCTTAATTCTCCGTTTTTTTCATAAAAGAAACCATTTATAAATTATGAAATACGATTAATACACTTTTAT
Gly Ala Glu Tyr

820 830 840 850 860 870 880 890 900
TTTTGCATTTTACTTACAAACTTACTTCATGTATAAACCTTGTAAAAAATAAATTCTATCTGACTTCTCACTACTTTATTTATATACTTCTAATIGTTTT
920 930 940 950 960 970 980

AGTTTATACAAATGTCATTCATATCAATAACATTTTATTCATACAAATACAGGAATAATGCATTCTTTCATGTAAATTTTCGAGTTAGATTTTTACATAA

1020 1030 1040 1050 1060 1070 1080 1090 100
ATTTTCCATTTTAAAAAATGTATTTATCTCTCTTTTAATATATGGACAATATAAAATTTGATCGANATTTTACACAAATACATACACGTAAGTCATTTAA

1120 1130 1140 1150 1160 1170 1180 1190 1200
ATTTATGTGTAATCCCGTGTATAATACTATGTTTTAGTAGTATAATAATG TGGCTTTTAATGATTTTCTTTCTTAAATTAATTATATTTATCAGTTGTTT

1220 1230 1240 1250 1270 1280 1290
AGATTTTAATTAAGTTTTAAAAATTATTTTGTTGATGCAG/GT AGC CCG CCT ATT AGG GCG TAAATTATTTCAGGCATAAAGGAAAATATGTT
Gly Ser Pro Pro Ile Arg Ala #&%

1310 1320 1330 1340 1350 1360 1370 1380 1390
GGAAGTATTGCTAGTAGAAGAATAGCCAGACATGCGTCAACTAGATTTAAGCTAGCTAGCTTGTTTTATGATGAAGGATTTGTTATACCTTCAAAATTCC

1410 1420 1430 1840 1450 1460 1470 1480 1490
AAGTAGCTACTACATTGACATGCATAAATAAACATTGAATGTCACGAACGATATGGTCCTACT. MTATATAMCAI’GCﬂlﬂgﬂmﬂ’GAI’CI‘IG

Figure 2. Nucleotide sequence of nodulin-23 and predicted amino acid sequence.
Transcription start site (numbered as 1) was determined by S1 mapping (19). The
'TATA' and 'CAAT' boxes corresponding to the major transcription start site are
underlined. A minor transcription start site is indicated by a closed tri-
angle. The 'anti-nodulin' transcription start site occurs on the other strand
and is indicated by the open triangle. The proposed 'TATA' box for this
pramoter is overlined. There are three potential polyadenylation signals
(underlined) located near the 3' end of the gene. The site of transcription
termination is marked with a dot. This site corresponds to the position of
polyadenylation in pNod25. Note: there is a 'N' at position 1076 which repre-
sents a (less than 16 bp) gap in the intron sequence.
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Figure 3. Hydropathic character of proposed nodulin-23 peptide. The hydropathic
index is a relative scale in which positive values reflect hydrophobicity and
negative values reflect hydrophilicity (40). The window size used in the
calculation of the hydropathic profile was 9 amino acids.

region contains 'TATA' and 'CAAT' boxes and there are three putative poly(a)
addition signals located 16, 57 and 61 bp from the 3' end of the message
(illustrated in Figure 2).

The coding region of this gene starting 8¢ bp from the major transcription
initiation site (19) was chosen as being the only long open reading frame which
corresponds to the cDNA sequence (data not shown). In order to assess whether
the reading frame resembles that of a real gene or whether it is simply a
random open reading frame, we determined the codon usage of nodulin-23. The
C-statistic was calculated as being the observed codon usage divided by the
expected codon usage of a random sequence., We obtained a value of C = 2.095
which indicates a significant codon bias. Therefore, the reading frame we
propose has features of protein coding genes (reviewed in ref. 21). We also
calculated the C-statistic for a number of other soybean genes including
nodulin-24, nodulin-35, leghemoglobins a, C1, C3, actin and lectin. These
results indicate that the degree of codon bias in nodulin-23 is consistent with
that of other soybean genes.

Structural analysis of the nodulin-23 protein

A putative protein sequence (figure 2), deduced from the DNA sequence is
223 amino acids long and suggests the molecular weight of nodulin-23 to be
24,275. This size is in agreement with one of the hybrid-released translation
products using the <DNA clone, pNod-25 (11). Hydropathic analysis (Figure 3)
revealed that the amino terminus of the protein is very hydrophobic and con-
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=720 =710 =700 -690 -680 -670 -660 650 -640
LBC3 AAAATACACTCATATATATGCCATAAGAACCAACAAAAGTACTATTTAAGAAAAGAAAAAAAAAACCTGCTACATAATTTCCAATCTTGTAGAT
N23 GAAAGCTATTAAGAGAAGTGTTAAGAAAAGAAGTTAGCACACCAATAGAAGTATTGAGTTATATTAAAACTTTAGATTCTTTTCAAATGTTTAC
N24 GCAAGCTTAAGTAATATTCTAACCGCAATGACATTAAGGTGATTGGTGAATTAAATGAATAAGA

<620 -610 ~600 =590 -580 =570 -560 =550 =540
LBC3 TTATTTCTTTATTTTTATAAAGGAGAGTTAAAAAAATTACAAAATAAAAATAGTGAACATCGTCTAAGCATTTTTATATAAGTAGAATTTAAAA
N23 ATTGCATATAGAATTTTATTGACAATCCTTATAACAGTTGCTACTGTTGAAAGACGTTCTTCAAAATTAAAATTACTTAAATCATATCTAAAAT
N2y TTATTTTGTGATAAAATATGAATATCATAGATTAATTAATTACAATTTTAGGGTAATAGTTATTTTCATTGTATAAGGTAGTGACAAATTCATC

=530 =520 -510 -500 -490 '~u80 =470 -460 -450
LBC3 TATACCATTAATCTGACGGGAACGGATGGATCTTGGCTCAGAGCCGGAGGAGGAANGACATTTTTTTTTAAATTGGATAAGATCACACTATAAA
N23 CAACAATGTTACAAGATAGATTGAATGAGTTAGTTATTTTATCTATTGAAAGTAAAGTGTTAGAATTGTTTGATTATAAAACTCTGATAAATGA
N24 ATTCAAAGATGAAAATTCAAATTTTAGTCCATAAAACTAAAAAAGTGTGACAAATTCATTTATTCATTAACTTTCATATATTACCGTTAATGAA

-430 -420 =410 -400 -390 -380 -370 -360 =350
LBC3 GTTCTTCCTCCGAGTTTGATATAAAAAAAATTGTITTCCCTTTTGATTATTGGATAAAATCTCGTAGTGACATTATATTAAAAAAATTAGGGCTC
N23 TTTTGCAGTTAAAAAAACTAGAAGATTAATATAAAAATTGATATTTTATATAATATATTAAGTCTCTTTAAAATTCTTGTAAAAAAAGACATTT
N24 AGAGTCTATGTAATATAGAGACAAAAATGATATTTATCCAAAATATAATTTAATTTTTATCTTTCTTTTTTTTTTACTCGTCATTTCATAATAT

-340 =330 =320 =310 =300 =290 -280 =270 -260
LBC3 AATTTTTATTAGTATAGTTTGCATAAATTTTAACTTAAAAATAGAGAAAATCTGGAAAAGGGACTGTTAAAAAGTGTGATATTAGAAATTTGTC
N23 TTAAATAATAAAATAAAGCAACTCTTAATTTTAATGAAACATCCCTTTGTTAAACCGAATCTTCCATAATGTAAAAATTAATGCTTGATGGAAG
N2y TATAATAAACACTTAAACAATAAAAATCAATATAATTAGACAAACATAAGTAGAATACATTTGTTGCATTTTTTCACAAAATCGAAATTAAAAA

=250 =240 =230 -220 =210 =200 -190 -180 =170
LBC3 GGATATATTAATATTTTATTTTATATGGAAACTAAAAAAATATATATTAAAATTTTAAATTCAGAATAATACTTAAATTATTTATTTACTGAAA
N23 TTTTTAATTTGTTCTATCCAATACTCAAAGGGTTGTAAATATTTTTTTTATCATTTATATGTTGTAAATATGAATGCACTAGTAATTAGTTTAA

N4 TTTTAATTTTAATTTTTTTAAAAATGAATTTGTTTGACATTCTACATTTTCAAAGAAAAAGATAACTATTTAGAGTATTATTTTAACACTTTTG

=150 -140 -130 =120 -110 -100 -90 -80 -70
LBC3 TGAGTTGATTTAAGTTTTGAAAAGATGATTGTCTCTTCACCATACCAATTGATCACCCTCCTCCAACAAGCCAAGAGAGACATAAGTTTTATTA
N23 TGATAAAATATATTCTACAGATATATTTCTGTCTCTTGGCAACTCGTGAGAATTGAATATATTATAAAGATGAAAGGTCGTTACAATTTTTTTT
N24 GTGCTCTTACATAATAATAAATCAGTTAGTAACTTTTGAAAATTCTGAATTAATATGTTACGGCGCCAGGTAAGAAAGAGGAGTTTCCCTATTT

<60 =50 -40 =30 -20 -10 1 10 20 30
LBC3 GTTATTCTGATCACTCTTCAAGCCTTCTATATAAATAAGTATTGGATGTGAAGTTGTTGCATAACTTGCATTGAACAATTAATAGAAATAACAG
N23 AGAATAAATATTTATATACAATTCTAGATTTTGTTATAAAATTCACATATTGTATGAGTATAATACATGAGCACACACCAAACTAGTCTCAAAT
N2y CTCCTACTCCAACTCCTTTATATAGAGTATATATCCCACAAATTTTCTCATCTTTTGTTACTAAACAAACTCGATCTGTTGTAATTTATTTAGT

40 50 60 70 80
LBC3 AAAAGTAGAAAAGAAATATG
N23 TAAGTAAGGGGCTAATTATTAGCGCTAGCTAAGTAACCAAGTAATTAATG
N2y ACGTATTGAAAAATG
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Figure 4. (a) Sequence of the 5'-flanking sequence of LbC,, nodulin-23 and
nodulin-24. The 5'-sequence of LbC, was obtained using tﬁe genomic clone
pLbl1l-3.7 (5). The 5'-sequence of godulin-24 (N24) was obtained from the
genomic clone GmN-24 (16). The 5'-flanking regions of nodulin-23 (N23) was
sequenced as shown in Figure 1. Consensus sequence 'A' (see Table 1) is under-
lined by a thick line. Consensus sequence 'B' is underlined by a thin line.
Consensus sequence 'C' is underlined by a dotted line. Numbering starts at the
major transcription start site for each gene. (b) Illustrations of the consen-
sus sequences in the 5'-flanking regions of nodulin-23, nodulin-24 and LbC
genes. The solid box represents consensus sequence 'A'. The blank box repre-
sents consensus sequence 'B'. The diagnally shaded box represents consensus
sequence 'C'. The relative orientations of the consensus sequences are marked
by arrows above the boxes. The curved arrows indicate the transcription start
sites. The thick line is untranslated 5' region. The hatched area is the
coding region.
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TABLE 1. 5' CONSENSUS SEQUENCES IN NODULIN AND LEGHEMOGLOBIN GENES

Homology
to Consensus Probability of
Consensus 'A  TAAAAAAAATTGTTTOCCTATT 8 bp 22 bp Random Occurrence
8 bp consensus less than 2.5 x 107>
72 bp consensus less than 9.5 x 10/
oo, s
inv N-23 TAAGCCARATIGTTTOOCTACA  100% 773
N-24 ANGAAAGAGGAGTTTOCCTATT  100%  73%
Consensus 'B' TATAAGGTAGTGACAMATTAATA 23 bp less than 8.9 x 107>
Lbc, AATCTCGTAGTGACATTATATTA  65%
inv N-23 TIGAAGGTAGTICGTAATTAARA 703
N-24 TATAAGGTAGIGACAAATTCATC 918
Consensus 'C' TCTGGGAAA 9 bp less than 4 x 1072
for Lbc, and
ceseccane inv N-2.3>
Lbe, TCTGGGARA 1008
Lbe, TCTGGAARA 88%
inv N-23 GTTGGGARA 78%
N-24 TTAGGGTAA 673

tains one strongly hydrophilic region near the center of the molecule. The
amino terminus of the peptide has features of a signal peptide (22). It con-
tains three charged residues within the first five followed by 15 consecutive
hydrophobic residues and is terminated with a polar glutamine residue. A
potential cleavage site could occur at the glycine or serine residues, located
five and eight amino acids downstream of the glutamine residue (22). It is not
known where nodulin-23 is transported in the nodule cell, but localization
studies are in progress to determine its intracellular site.
5'-flanking regions of nodulin and leghemoglobin genes

The 5'-flanking sequences for nodulin-23, nodulin-24 and leghemoglobin C3

245



Nucleic Acids Research

genes were obtained and are shown in Figure 4a. Homology searches of these
sequences revealed three major conserved regions. The calculated probabilities
of the occurrence of such sequences are shown in Table 1. The probability
calculation takes into account the length of the consensus sequence, the number
of matches each sequence has to this consensus and the location relative to the
start of the gene where these sequences are found. The most conserved sequence
found (consensus 'A') is an octanucleotide 'GTTTCCCT'. This sequence is
inverted in the nodulin-23 gene. Occurrence of this sequence by chance is
unlikely since even a 22 nucleotide consensus sequence derived from this region
shows between 73% to 95% homology for the three genes. The chance occurrence
of a sequence 22 bases long with this homology in the location found was
calculated as being less than 9.5x10-7 (based on the calculations in ref.

23).

A second area of homology, containing the core 'GGTAGTG' (consensus 'B'),
was found to have a probability of occurrence at less than 9x18-5. This
sequence was also inverted in the nodulin-23 gene. A third area of homology,
with the core 'TCTGGGAAA' (consensus 'C'), was found but its occurrence by
chance could not be ruled out when the three sequences were compared. However,
its occurrence between the Lbc3 and nodulin-23 does not appear to be by
chance. This sequence is also present in another leghemoglobin, Lbc2 gene
(data not shown). Like the other two consensus sequences, this one is also
inverted in nodulin-23. The location and orientation of these three consensus
sequences is shown in Figure 4b. Consensus 'C' shows a diad symmetry to the
consensus 'A'. The probability that these three elements together would be
located by chance in that position in the LbC3 and nodulin-23 genes is
unlikely (P is less than 4x10-11).

DISCUSSION

Early studies in our laboratory have revealed several interesting features
of the nodulin-23 gene: it is transcribed at a high level (10), and hence, may
have an important role in symbiotic nitrogen fixation; its transcription occurs
early in infection prior to nitrogen fixation along with leghemoglobin and a
few other nodulins which may indicate a coordinate regulation of expression and
this gene has homology with nodulin-44, another abundantly transcribed sequence
in soybean nodules (11). We determined the primary structure of the soybean
nodulin-23 gene. The hybrid-released translation of pNod25 (10,11) showed two
products (23,500 and 24,500 MN), one of which is represented by this gene. The
other product could be either due to processing or it is coded by another gene.
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We have isolated a recombinant phage carrying a nodulin-23 sequence with an
almost identical organization to that of Gmn7 (unpublished data).

Promoter analysis (in vitro) of nodulin-23 gene revealed transcripts start-
ing from two sites 23 bp apart (19). One of these is an animal-like promoter
sequence whereas the other is plant-like (24). In vitro transcription studies
also revealed an 'anti-nodulin' promoter in this gene. This initiates transcrip-
tion in the direction opposite to that of the sense-strand. The 5'-ends of the
nodulin and anti-nodulin messages are complementary to each other for about 9¢
nucleotides, suggesting a possible regulatory role for the anti-nodulin pro-
moter (see ref.26). In addition, this gene contains three tandomly arranged,
procaryotic type promoters ifi the eucaryotic promoter regions. These promoters
function when placed in E. coli (see ref. 19). The presence of procaryotic
features on this gene suggest that a Rhizobium interaction may be involved in
the regulation of this nodulin gene.

Comparison of the 5'-flanking sequence of nodulin-23 with that of two other
physically unlinked genes induced at the same time revealed features which may
be involved in the independent regulation of these genes. The consensus
regions 'A' and 'C' (as shown in Table 1 and illustrated in Figure 4b) are
always inverted and complementary to each other and arranged so as to flank
region 'B'. The orientation of the three consensus sequences in LbC3 is the
same as in nodulin-24., However, the orientation of all three sequences are
found to be inverted in nodulin-23 with respect to those from the other two
genes. Notwithstanding orientation, nodulin-23 and LbC3 have a similar
spatial organization of consensus sequences, both with respect to order and
position (see Figure 4b). The probability of this occurring by chance is
indeed very low (4x10-11), Computer search of four soybean genes including
a non-induced gene with its 5' region failed to reveal the presence of these
sequences in any location.

Transcriptional regulation of coordinately induced genes via cis-regulatory
control was first elucidated by Britten and Davidson (27). Since then a number
of coordinately-regulated genes have been shown to share short repeated ele-
ments in the 5'-flanking regions. Functional assays of four genes involved in
amino acid synthesis in yeast (28) and one of the Drosophila heat shock genes,
hsp70 (29), showed that the conserved 5' element is sufficient to endow the
adjacent gene with the ability to respond to inductive control. In the case of
heat shock protein, hsp82, a region of diad symmetry has been demonstrated to
bind specifically to an activiting protein factor (3¢). A number of other
examples support the hypothesis that short, 5'-conserved sequences are involved
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in coordinate requlation. These include the silkmoth middle and late chorion
genes (31), the human glucocorticoid-repressed proopiomelanocortin gene, the
glucocorticoid-induced mouse mammary tumor virus and the rat growth hormone
(32-34). Three steroid-induced egg white proteins in chicken (35), the three
chains of fibrinogen (36), the immunoglobulin genes (37) and the B-globin genes
(38), all contain conserved, putative regulatory sequences located 5' to the
coding region. Furthermore, the microsymbiont (Rhizobium) of root-nodule has
been shown to share common promoter sequences in some of the symbiotic genes
(39). This may also reflect in some genes of the macrosymbiont (host plant).
The functional analysis of these consensus sequences in nodulin genes must
await successful transfer, regeneration, seggregation and induction of these
genes in the second generation of plant following the association with a
suitable microsymbiont.
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